Introduction
The progression of cells through the cell cycle is under positive control by a series of speci®c cyclin/CDK (cyclin dependent kinase) complexes and is negatively controlled by speci®c CKI (CDK inhibitors) (for review see Sherr, 1994; Hunter and Pines, 1994) . CKIs are classi®ed into two groups, based on their structural and functional features. The Cip/Kip family includes p21 Cip1/Waf1 , p27 Kip1 (hereafter designated p21 and p27, respectively) and p57 Kip2 . These proteins share a conserved N-terminal domain and inhibit a broad range of CDKs by binding to several cyclin/CDK complexes, including cyclin D/CDK4 (or CDK6), cyclin E/CDK2 and cyclin A/CDK2 . The INK4  family includes p16   Ink4a   , p15   Ink4b   , p18 Ink4c and p19
Ink4d
, which mainly inhibit CDK4 and CDK6 by binding to the CDK subunit itself (Sherr and Robert, 1995) . Mutant mice de®cient in p21 undergo normal development but ®broblasts from these mice are defective in G1 arrest in response to DNA damage (Deng et al., 1995) . p16
Ink4a de®cient mice develop spontaneous tumors at an early stage and are highly sensitive to carcinogens . p27 de®cient mice display a generalized increase in body size, pituitary tumors and multiple organ hyperplasia Fero et al., 1996) .
Human colon cancers often show increased expression of the positive acting factors cyclins D1 and E and CDKs (CDK1, 2 and 4) (Bartkova et al., 1994; Arber et al., 1996; Leach et al., 1993; Yamamoto et al., 1995; Zhang et al., 1997) . There are also speci®c abnormalities in CKIs. Thus the p16 Ink4a gene is inactivated by de novo methylation of its CpG island in about 40% of colon carcinomas and p21 expression is decreased even in dysplastic aberrant crypt foci (Herman et al., 1995; Polyak et al., 1996) . These changes appear to be of functional signi®cance since introduction of an antisense cDNA to cyclin D1 inhibited growth and tumorigenicity of the SW480-E8 colon cancer cell line and ectopic overexpression of p21 or p16
Ink4a inhibited the growth of colon carcinoma cells (Gorospe et al., 1996; Spillare et al., 1996) .
It appears that the cyclin E/CDK2 complex is the major target of the inhibitory action of p27, although this protein can be found in other cyclin/CDK complexes and it also inhibits the phosphorylation of cyclin/CDK complexes by CAK (cyclin-dependent kinase-activating kinase) (Polyak et al., 1994a,b; Toyoshima and Hunter, 1994; Winston et al., 1996; Soos et al., 1996) . Although it is a putative tumor suppressor gene, mutations or deletions in the p27 gene occur only rarely in human cancers (Kawamata et al., 1995; Ponce-Castaneda et al., 1995) . Indeed, we have found relatively high levels of expression of this gene in several colon, esophageal and breast cancer cell lines and in a subset of primary colon and breast carcinomas Sgambato et al., 1997; Ciaparrone et al., 1998) . At the same time, several recent studies indicate that absent or low levels of expression of p27 in a subset of cancers of the colon, breast, lung, esophagus, stomach and prostate are associated with cases that have a poor prognosis Fredersdorf et al., 1997; Catzavelos et al., 1997; Porter et al., 1997; Esposito and Baldi et al., 1997; Mori et al., 1997; Singh et al., 1998; Yang et al., 1988) . It is of interest that the expression of p27 is regulated mainly at the post-translational level via a ubiquitin-proteasome mediated proteolysis mechanism and the decreased levels in a subset of cancers appear to be due to enhanced activity of this proteolytic system (Pagano et al., 1995; Loda et al., 1997; Esposito and Baldi, 1997) . These ®ndings in various types of cancer suggest that loss of p27 expression plays a critical role in tumor progression but several clinical studies have indicated no correlation between the level of the p27 protein and proliferation markers in human carcinomas Catzavelos et al., 1997; Porter et al., 1997; Ciaparrone et al., 1998; Singh et al., 1998) . Therefore the mechanism responsible for the association between loss of p27 expression and a poor prognosis is not known at the present time.
Several types of studies implicate the CKI p21 in the process of dierentiation. Increased expression of p21 is seen in dierentiating tissues in vivo (Parker et al., 1995) . Its expression is also increased during the in vitro dierentiation of myocyte, hematopoietic, hepatoma, and neuroblastoma cells, induced by various types of agents including phorbol ester, vitamin D3, TNF-a, MyoD and nerve growth factor plus aphidicolin (Jiang et al., 1994; Steinman et al., 1994; Guo et al., 1995; Schwaller et al., 1995; Poluha et al., 1996; Yoshida et al., 1996) . The level of p21 increases in dierentiating Caco2 and HT29 colon carcinoma cell lines (Gartel et al., 1996; Evers et al., 1996; Siavoshian et al., 1997; Goldberg et al., 1996) . The role of p21 in apoptosis has also been intensively studied. Marked upregulation of endogenous p21 has been demonstrated in various cell types during the apoptotic response to several agents, including taxol, okadaic acid, etoposide, and interferon gamma (Kano et al., 1997 , Sheikh et al., 1997 . On the other hand, ectopic overexpression of p21 and studies using p21 de®cient cancer cells, suggest a role for p21 in protection from apoptosis in colon and other types of cancer cells McDonald et al., 1996; Sheikh et al., 1997; Gorospe et al., 1996 Gorospe et al., , 1997 . To our knowledge, however, the comparative eects of increased expression of p27 or p21 on the growth and dierentiation of human colon cancer cells have not been examined in the same cell line.
In view of the above ®ndings, in the present study we developed derivatives of the HT29 colon carcinoma cell line that stably express increased levels of either p27 or p21, to further examine the roles of these two protein in growth and dierentiation. The HT29 cell line was originally isolated from a moderately dierentiated human adenocarcinoma and provides a useful in vitro system for studies on both growth control and dierentiation in colon cancer cells (Choi et al., 1990; Schroy et al., 1994; Hodin et al., 1996; Goldberg et al., 1996) . In previous studies our group and other investigators found that HT29 cells express a low level of the p21 protein and a moderate level of the p27 protein, when compared to other human colon cancer cell lines Tominaga et al., 1997) . We found that overexpression of p27 caused some growth inhibition and markedly enhanced sodium butyrate induced dierentiation of HT29 cells. On the other hand, overexpression of p21 markedly inhibited both the growth and dierentiation of HT29 cells. Our ®nding that p27 can enhance the dierentiation of colon cancer cells may in part explain why decreased levels of this protein in certain human cancers is associated with high grade (poorly dierentiated) tumors and a poor prognosis. These ®ndings suggest that p27 gene therapy, or the use of speci®c drugs that increase the expression of endogenous p27, might be useful in the therapy of human colon cancers.
Results
Generation of derivatives of HT29 colon carcinoma cells that overexpress p27
Kip1
After transfection of HT29 cells with a vector encoding p27, 72 neo + colonies were picked and expanded. Extracts were prepared when cultures were 60 ± 70% con¯uent and then examined by Western blot analysis for levels of expression of p27. We initially identi®ed eight clones that overexpressed this protein, when compared to the two vector control derivatives, p27#Vp (a pool of vector control clones), p27#V1 (a single vector control cell line) (Figure 1a, upper panel) . Equal loading of the cell extracts (50 mg) was con®rmed by assaying the same membrane with an anti-actin antibody (lower lane). The level of the p27 protein in the parental HT29 cells was similar to that in Vp and V1 cell lines (data not shown). (b) Expression of p27 mRNA in HT29 derivatives. RNA extracts from some of the above cell lines were examined by Northern blot analysis for p27 mRNA. The endogenous p27 transcript was 2.3 kb and the exogenous p27 transcript was 1.5 kb. Equal loading of RNA was con®rmed by staining with ethidium bromide
The levels of p27 in the control cell lines were similar to that in the parental HT29 cells (data not shown). We found that with repeated serial passages some of the overexpressor clones lost the overexpression of p27, both at the mRNA and protein levels. Therefore, we mainly used early passage (1 ± 5) cultures of the four highest overexpressors (the B12, C7, C8 and A6 clones) in the studies described below and always re-con®rmed the increased expression of p27 by concurrently performing Western blot analyses for this protein.
Densitometric analysis indicated that the p27 overexpressors had about a 2.4-to 6.5-fold increase in expression of the p27 protein, when compared to the vector control cell lines. Equal protein loading of each lane was con®rmed by using an anti-actin antibody ( Figure 1a , lower panel).
Northern blot analyses for p27 mRNA were done on the two vector control derivatives, p27#Vp and p27#V1 and on three of the above overexpressors, the B12 clone (a high overexpressor) and the C8 and A6 clones (two moderate overexpressors). All of these clones exhibited the endogenous 2.3 kb p27 mRNA. The B12 and C8 clones also expressed the exogenous 1.5 kb p27 transcript. However, the A6 clone only expressed the endogenous 2.3 kb mRNA band (Figure 1b, upper panel) . Equal RNA loading of the gels was con®rmed by ethidium bromide staining (Figure 1b , lower panel). Two additional assays gave similar results, but in these assays the A6 clone exhibited an even more intense endogenous 2.3 kb mRNA band (data not shown). Therefore, the increased expression of p27 in the B12 and C8 clones can be attributed to the ectopic p27 cDNA. However, the A6 clone may be a spontaneous variant of HT29 cells that expresses increased levels of both the endogenous p27 mRNA and protein. It was of interest, therefore, to include the A6 clone in our subsequent studies.
Eects of overexpression of p27
Kip1 on other cell cycle control proteins A major function of the p27 protein is to bind to the cyclin E/CDK2 complex and inhibit its kinase activity (Toyoshima and Hunter, 1994) . Therefore, to obtain evidence that the overexpressed p27 protein is functional in the overexpressor derivatives, cell extracts were immunoprecipitated with a cyclin E polyclonal antibody and the levels of cyclin E and p27 in the immunoprecipitates were examined by Western blot analyses, using a cyclin E monoclonal antibody and a p27 polyclonal antibody, respectively ( Figure 2A, a and b) . When compared to the two vector control cell lines, the overexpressor clones B12, C7, C8 and A6 displayed about equal amounts of cyclin E, but about a 1.9-to 4.3-fold increase in the amount of p27, in these immunoprecipitates. We also assayed the cyclin E immunoprecipitates for in vitro cyclin E-associated kinase activity using histone H1 as the substrate. The four clones that overexpressed p27 displayed about a 2.8-to 3.2-fold decrease in kinase activity when compared to the two vector controls, p27#Vp and p27#V1 (Figure 2A, c) . The cell extracts from the p27#Vp cell line, when immunoprecipitated with nonimmune rabbit serum as the negative control, gave only negligible phosphorylation of histone H1 (data not shown). Similar results were obtained in two repeat experiments. Therefore, the overexpressed p27 protein is functional since it binds to the cyclin E/CDK2 complex and inhibits its kinase activity. It was also of interest to determine whether overexpression of p27 in¯uenced the levels of expression of other cell cycle control proteins. Western blot analyses indicated that the p27 overexpressor clones B12, C7, C8 and A6 expressed about a 1.9 ± 3.6-fold increase in the level of the cyclin D1 protein ( Figure 2B ). This ®nding was reproducible in two additional experiments. Northern blot analysis showed that the A6 clone exhibited an increase in the intensity of the cyclin D1 mRNA band but the other three overexpressors displayed levels of the cyclin D1 mRNA that were similar to that in the p27#Vp control cell line (data not shown). The mechanisms responsible for this increase in the level of the cyclin D1 in these clones remains to be determined. No signi®cant changes in the protein levels of cyclin E, cyclin A, CDK2, CDK4, or CDK6 were found in the overexpressor clones (data not shown).
Eects of p27
Kip1 overexpression on the growth of HT29 Cells Growth curves of monolayer cultures grown in complete medium containing 10% FBS were carried out, in parallel, with the two vector control cell lines p27#Vp and p27#V1, the B12 and C7 clones that expressed high levels of p27, and the C8 clone that overexpressed a moderate level of p27. Overexpression of p27 partially inhibited growth in the B12 and C7 clones, during the ®rst 24 h after plating equal numbers of cells. . Thereafter, the doubling times of the HT29 derivatives, when calculated from the exponential growth phase (from day 1 to day 5), were, however, similar amongst the vector control and p27 overexpressor HT29 derivatives (Table 1) . However, the saturation densities of the p27 overexpressors were lower than those of the vector control clones, and these dierences were statistically signi®cant (P=0.012) ( Table 1) . Two additional experiments using 10% FBS or 1% FBS con®rmed that the saturation density of the B12 clone was signi®cantly lower than that of the vector control clones. The growth curves of the A6 clone and the parental HT29 cells in 10% FBS were similar to those of the two vector control clones (data not shown). The eect of overexpression of p27 on the ability of the derivatives to grow as single colonies when plated at low density was also assessed. The p27 overexpressor clones, especially the high expressors (the B12 and C7 clones), displayed a marked decrease in plating eciency when compared to the vector control cell lines. Thus, the plating eciencies of the p27#Vp and p27#V1 control cell lines were 10.8 and 12.0%, whereas the values for the B12, C7, C8 and A6 clones were 5.6, 2.5, 9.1 and 5.4, respectively (Table 1) . These dierences in plating eciency between the two cell types were signi®cant (P=0.029) and were seen in two additional studies.
Eect of p27
Kip1 overexpression on cell dierentiation
Enterocyte dierentiation occurs at the crypt-villus junction through the transcriptional activation of cellspeci®c genes, including the brush-border enzyme intestinal alkaline phosphatase (IAP) (Leblond and Stevens, 1948; Gordon, 1989) . IAP is a well-established marker of dierentiation in HT29 cells and other colon cancer cell lines (Choi et al., 1990; Hodin et al., 1996 , Schroy et al., 1994 Goldberg et al., 1996; Navarro et al., 1997; Basson et al., 1996) . IAP activity was examined using a histochemical demonstration kit for alkaline phosphatase detection (Sigma) (Goldberg et al., 1996) and also by Western blot analysis using a rabbit polyclonal antibody that recognizes human intestinal alkaline phosphatase (Dako), as described previously (Goldberg et al., 1996) . Sodium butyrate (SB) was used for induction of dierentiation. This short chain fatty acid is a dierentiating agent for various cell types (Navarro et al., 1997; Siavoshian et al., 1997; Basson et al., 1996; Conway et al., 1995; Swarovsky et al., 1994) . By histochemical analyses IAP positive cells were only rarely detected in the untreated vector control and the overexpressor derivatives. Initially we exposed the cells to 5 mM SB since this is known to be a potent inducer of dierentiation in HT29 cells (Goldberg et al., 1996; Schroy et al., 1994 Photomicrographs of the stained cells treated with 2 mM SB indicated that both the percent of positive cells and the intensity of IAP staining in individual cells were enhanced in the p27 overexpressing derivatives, when compared to the vector control cells ( Figure 3a ). These assays were repeated three times and similar results were obtained. In addition, Western blot analyses using an anti-human alkaline phosphatase antibody con®rmed the ®ndings shown in Figure 4a and b. Thus, when cells were treated with 2 mM SB, extracts of the vector control cells showed only faint IAP bands on the Western blots but the p27 overexpressor clones revealed moderately strong IAP bands ( Figure 3b ). After treatment with 5 mM SB the intensities of the IAP bands in the overexpressor clone were 1.6 ± 1.8-fold greater than in the vector control cells, when quantitated by densitometry ( Figure 3b ).
To extend these ®ndings, we carried out a more detailed comparison between levels of expression of p27 and inducibility of IAP using a series of seven cell lines. Two days after plating replicate cultures of each cell line, extracts from one set of cultures were examined for levels of expression of p27, by Western blot analysis and densitometry. The remaining replicate cultures were treated with 2 mM SB for 3 days and then assayed for induction of IAP by the histochemical assay and by Western blotting. There was a signi®cant positive correlation between levels of expression of p27 and SB induced IAP positive cells (r 2 =0.866, Figure  3c ) or absolute amounts of IAP (r 2 =0.911, data not shown), amongst the seven clones that varied in their levels of expression of the p27 protein.
Eects of overexpression of p21
Cip1/Waf1 on growth and dierentiation After transfection of HT29 cells with a vector encoding p21, we identi®ed by Western blot analysis with an anti-human p21 antibody two clones that constitutively overexpressed this protein (p21#11, p21#29), when compared to two vector control cell lines, p21#Vp and p21#V1 (Figure 4a ). Densitometric analysis revealed that these clones had about a 5.6-and 4.1-fold increase in expression of the p21 protein, when compared to the vector control cell lines. Another vector control cell line p21#V2 and the parental HT29 cell line expressed low levels of p21 similar to those of the p21#Vp and p21#V1 cells (data not shown). Northern blot analyses showed that the vector control cell lines p21#Vp and p21#V1 exhibited faint endogenous 2.3 kb p21 mRNA bands, whereas the two p21 overexpressor clones expressed intense 2.6 kb p21 transcripts (Figure 4b upper panel). The estimated size for the exogenous p21 mRNA is about 2.6 kb, which consists of 2.3 kb of the p21 cDNA sequence and 0.3 kb of the polyadenylation Figure 3 Dierentiation assays. (a) Cells were seeded in duplicate at a density of 5610 4 per well in 24-well plates (15 mm diameter) in complete medium plus 10% FBS. Two days later, the cells were refed with 1 ml of fresh medium containing sodium butyrate at a concentration of 0, 2 or 5 mM. The cells were then grown for an additional 3 days and the cells which expressed IAP were stained, as described in Materials and methods. Representative photomicrographs demonstrating IAP expression in cultures treated with 2 mM sodium butyrate are shown here. (b) Western blots for IAP expression in the HT29 derivatives. (c) Association between the level of p27 and SB-induced expression of IAP in seven derivatives of H29 cells that express variable levels of p27. Each cell line was plated in duplicate. Two days later one set of plates was examined by Western blot analysis for levels of p27 expression, and the other set was treated with 2 mM sodium butyrate for 3 days and then assayed for the percent of cells that were IAP positive, using a histochemical assay. A linear regression test revealed a signi®cant correlation between the two parameters (r 2 =0.866)
Overexpression of p27 and p21 in colon cancer cells H Yamamoto et al sequence. Equal RNA loading of the gels was con®rmed by ethidium bromide staining of 28S ribosomal RNA (Figure 4b , lower panel). When grown in complete medium with 10% FBS, the p21#11 and p21#29 clones displayed marked increases in doubling times and decreases in saturation densities and plating eciencies, when compared to the three vector control cell lines. These dierences between the two cell types were signi®cant (P= 0.0061, 0.0005, 0.006, respectively) ( Table 1) . Assays for these growth properties were repeated three times and gave similar results. The parental HT29 cells displayed growth properties similar to those of the vector control cell lines (data not shown). In contrast to the p27 overexpressor cells (Figure 2b ), overexpression of p21 did not cause an increase in the level of cyclin D1 protein (data not shown).
Since increased expression of p21 is associated with dierentiation in various cell culture systems and also in vivo (see Introduction) we tested whether ectopic overexpression of p21 also enhanced the in vitro dierentiation of HT29 cells. Western blot analyses using an anti-human alkaline phosphatase antibody revealed that extracts of the vector control cell lines p21#Vp and p21#V1 showed strong induction of IAP, but the two p21 overexpressor clones exhibited only weak IAP induction, following the treatment of both cell types with 5 mM SB for 72 h (Figure 4c ). This assay was repeated three times and gave similar results. Histochemical assays similar to those shown with the p27 overexpressors (Figure 3a) using either 2 or 5 mM SB con®rmed that the ectopic overexpression of p21 inhibited SB induced dierentiation (data not shown).
When treated with 5 mM SB the parental HT29 cells, and the 5 neo + vector control cell lines used in the above studies (p27#Vp, p27#V1, p21#Vp, p21#V1 and p21#V2) displayed similar extents of IAP expression (data not shown). Therefore it is unlikely that the decreased induction of IAP in the p21 overexpressor clones is due to spontaneous variations amongst individual clones.
Time course analysis of the process of dierentiation in the HT29 derivatives
To further examine the roles of p27 and p21 in the dierentiation of HT29 cells we analysed the time course of cell cycle distribution and IAP expression. These studies were done in cultures that were previously grown in medium minus serum for 72 h to arrest the cells in G0/G1, since after the re-addition of 10% FBS, the cells would then progress through the cell cycle in synchrony. Flow cytometry data con®rmed that following serum starvation the majority of the cells (about 85%) were in G0/G1, with both the vector control cell lines (p21#V1 and p27#Vp), the p27 overexpressor p27#B12 clone and the p21 overexpressor clones p21#11. After refeeding the serum-starved cultures with 10% FBS minus SB, they all progressed into the S and G2/M phases within 24 h and the percent of the cells in G0/G1 decreased to below 50% at 24 h. The results obtained with the p21#V1 without SB are shown in Figure 5a , and similar results were obtained with the other cell lines. However, when the vector control and p21 and p27 overexpressor cell lines were refed with 10% FBS plus 5 mM SB, they all remained in the G0/G1 phase for at least 48 ± 72 h. In fact the p21 and p27 overexpressor clones displayed an increase in the G0/G1 fraction at 24 and 48 h, when compared with the vector control cell lines (Figure 5a) .
Induction of IAP expression was measured using a colorimetric assay, because of its high sensitivity (Choi et al., 1990) , after refeeding the cells with 10% FBS plus 5 mM SB. In the vector control cultures there was a marked induction of IAP expression at about 48 h (Figure 5b) . The parental HT29 cells and the other vector control cell lines, p21#Vp, p21#V2, p27#V1 also showed high induction of IAP expression at 48 h (data not shown). Induction of IAP expression was also seen in the p27 and p21 overexpressors at 48 h, but with the p27#B12 clone the level of IAP expression was about 2.2-fold (at 24 h) and 1.8-fold (at 48 h) higher than in the corresponding vector control cell line. Another p27 overexpressor clone, C8 also showed increased SB-induced IAP expression The cells were plated and grown for 2 days. They were then treated with 5 mM SB for 72 h and extracts subjected to Western blot analysis using the anti-human IAP antibody (data not shown). However, with the p21 overexpressor clone the induction level of IAP was only about 50% (at 48 h) and 60% (at 72 h) of that obtained with the corresponding control cells ( Figure   5b ). Another p21 overexpressor clone also showed decreased SB-induced IAP expression (data not shown). In an additional experiment the p27#B12 overexpressor clone displayed even higher IAP Figure 5 Cell cycle progression and IAP expression in synchronized cultures of the HT29 derivatives. (a) The percent of cells in the G0/G1 phase of the cell cycle at various times after refeeding serum-starved cells with FBS plus or minus SB. Cells were previously grown in medium minus serum for 72 h and then refed with medium containing FBS plus or minus 5 mM SB. At the indicated time points the cells were harvested and analysed for cell cycle distribution by¯ow cytometry. The percent of cells in G0/G1 at each time point is plotted in this ®gure. p21#11 cells overexpress p21 and p27#B12 cells overexpress p27; p21#V1 and p27#Vp are the corresponding vector control cells. In the absence of SB, following the addition of FBS all of these cell lines displayed a marked decrease in the percent of cells in G0/G1 and progressed into S and G2/M phases within 24 h. Representative data are shown for the p21#V1 cells. (b) During the same time course IAP activity was measured using a colorimetric assay (Sigma). For additional details see Materials and methods induction and the two p21 overexpressor clones displayed even less IAP induction than the control cells (data not shown). Thus, as seen with unsynchronized exponentially growing cultures (Figures 3 and  4c) , in the synchronized cultures overexpression of p27 enhances whereas overexpression of p21 inhibits the dierentiation of HT29 cells. However, when the p27#B12 cells were grown for 3 weeks with serial passages the IAP induction was decreased to the levels that were about 1.4-fold (at 24 h) and 1.2-fold (at 48 h) higher than in the corresponding vector control cell line. The level of the p27 protein in the p27#B12 clone after several passages was about 50% of that in the early passage cultures but still about a twofold higher than that in the corresponding vector control cells (data not shown).
We also analysed extracts of the above cells for expression of the p21, p27 and p16 proteins, for in vitro CDK2-associated kinase activity. When the culture of the p27#Vp control cells was refed with 10% FBS plus 5 mM SB, p21 was strongly induced from 6 ± 24 h and its level abruptly declined at 48 h, while the level of p27 increased at 6 h reached a peak at 24 h and remained relatively high at 48 and 72 h ( Figure 6a , the left panel). p16 was not induced by SB and undetectable (data not shown). Similar kinetics of p27 and p21 expression were seen in the p21#V1 (Figure 6b ), p21#Vp, and p27#V1 control cell lines (data not shown). In contrast, when these same cell lines were refed with serum minus SB, the levels of p21 and p27 were very low from 6 ± 24 h (data not shown), presumably re¯ecting their transition through G1 into S which occurred in the absence of SB. When the p27 overexpressor clone p27#B12 was refed with 10% FBS plus SB the initial induction of p21 was slightly reduced (Figure 6a , the right panel, upper lane) and the peak for the increase in the p27 protein was seen at the earlier time point than in the vector control cells, at 6 versus 24 h (Figure 6a , the right panel, middle lane). Similar results were obtained with another p27 overexpressor clone, C8 (data not shown). CDK2-associated kinase activity was minimal at 24 h (about 3 ± 4-fold smaller than in cultures refed minus SB) and increased at 48 h in both the SB treated p27#Vp and p27#B12 cells. However, at 72 h the p27 overexpressor cells displayed about a threefold higher kinase activity than the vector control cells (Figure 6a, lower lane) .
When the culture of the p21 overexpressor clone p21#11 was refed with serum plus SB, as expected the level of the p21 protein was higher than in the p21#V1 vector control cells at time zero and all subsequent time points (Figure 6b , upper lane). Of particular interest is the fact that in both cell types the level of p21 declined at 48 and 72 h (Figure 6b , upper lane), but densitometry indicated that in the p21#11 cells the level of p21 was still about twice that in the p21#V1 cells (data not shown). It is curious that p21 overexpressor clone displayed a decrease in the expression of p27 (Figure 6b , middle lane). Thus, overexpression of p21 appears to downregulate the expression of p27. Extracts of the p21#V1 cells displayed strong CDK2-associated kinase activity at 48 and 72 h but the p21#11 overexpressor clone displayed about a threefold decrease at 48 h and about a 25% decrease at 72 h in this kinase activity (Figure 6b , lower lane). Similar results were obtained with another p21 overexpressor clone, p21#29 (data not shown). Figure 6 Time course of the p21 and p27 proteins and of CDK2-associated kinase activity in the synchronized p27 overexpressor (p27#B12) and vector control clones (a) and in the p21 overexpressor (p21#11) and vector control clones (b). As described in Figure 5 , the indicated cell lines were starved for 72 h, refed with complete medium containing 10% FBS plus 5 mM SB, and harvested at the indicated time points. The levels of expression of p21 and p27 were examined by Western blot analysis with anti-p21 and anti-p27 antibodies, respectively. In vitro CDK2-associated kinase assays were carried out, with histone H1 as the substrate using the lysates obtained at 24, 48 and 72 h Figure 7 A hypothetical model of the role of the CDK inhibitors p21 and p27 in the process of sodium butyrate induced dierentiation of HT29 cells. The sequential events during this time course are divided into three stages: (i) initial induction of p21 and p27; (ii) G0/G1 arrest and suppression of CDK2-associated kinase activity; (iii) decline in p21, maintenance of increased levels of p27, activation of CDK2 kinase, and dierentiation. This ®gure summarizes the data obtained with the vector control cell lines, and may explain why stable overexpression of p27 enhances this process, whereas stable overexpression of p21 inhibits this process, presumably because the secondary decline in p21 is necessary for the late stage of dierentiation. For additional details see Discussion section
Discussion
The present studies demonstrate that overexpression of p27
Kip1 in the HT29 colon cancer cell line can have two phenotypic eects, partial inhibition of growth and increased sensitivity to the induction of dierentiation. The HT29 cells appear to be more sensitive to the latter eect, since derivatives that overexpressed p27 displayed a signi®cant increase in dierentiation and yet they had exponential doubling times similar to those of the vector control cells (Figure 3 and Table 1 ). This ®nding is consistent with evidence that growth and dierentiation are independently regulated in HT29 cells (Goldberg et al., 1996; Schroy et al., 1994 ). An initial lag in growth following replating was observed in the two clones that had the highest expression of p27, clones B12 and C7 (see the text in the Results). This may re¯ect a lower plating eciency. Indeed, a striking eect of p27 overexpression on growth inhibition was found when the cells were plated at low density and assayed for colony formation (Table 1 ). This assay re¯ects the ability of cells to grow as single colonies and it might be a model for the dissemination of cancer cells, in vivo. Therefore the ®ndings in the latter assay suggest that high p27 overexpression may suppress metastasis in colon cancer cells. During the course of these studies other investigators reported that adenovirus mediated ectopic overexpression of p27 inhibited the growth of breast and brain cancer cell lines (Chen et al., 1996; Craig et al., 1997) . These investigators did not, however, examine possible eects of overexpression of p27 on dierentiation. Increased expression of p27 can enhance exit from the cell cycle (Hengst and Reed, 1996; Rivard et al., 1996) . The ability of p27 to enhance the differentiation of HT29 cells observed in the present studies is consistent with previous evidence that the levels of this protein increase in HL60 promyelocyctic leukemia cells (Hengst and Reed, 1996) or neuroblastoma cells (Kranenburg et al., 1995) that are induced to dierentiate by vitamin D3 or DMSO, respectively. Furthermore, an antisense oligonucleotide to p27 inhibited the dierentiation of murine keratinocytes (Hauser et al., 1997) , and overexpression of p27 enhanced neuronal dierentiation in a murine neuroblastoma cell line (Kranenburg et al., 1995) . In unpublished studies we have found that stable overexpression of p27 also enhances the induction of macrophage dierentiation when HL60 cells are treated with TPA. Therefore, our ®nding that increased expression of p27 in HT29 cells enhances their dierentiation is relevant to other cell systems.
In the present study we also examined the eects of overexpression of another CKI, p21 Cip1/Waf1 , on the growth and dierentiation of HT29 cells. Studies using clinical samples indicated that p21 expression is decreased in advanced stage colon tumors, suggesting that overexpression of p21 might be useful as a therapeutic strategy for colon cancer (Matsushita et al., 1996; Doglioni et al., 1996; Yasui et al., 1997) . Indeed, we found strong growth inhibitory eects of p21 overexpression in HT29 cells and these inhibitory eects were greater than those seen with the overexpression of p27 (Table 1) . As mentioned in the Introduction, p21 is often induced during dierentiation. In addition antisense to p21 decreases monocytic dierentiation in HL60 cells (Freemerman et al., 1997) and p21 de®cient keratinocytes display a decrease in dierentiation (Missero et al., 1996) . Therefore, we were surprised to ®nd that HT29 derivatives that stably overexpressed increased levels of p21 displayed a decrease in SB-induced differentiation (Figures 4c and 5b) . This was not simply because the p21 overexpressors had decreased uptake of SB since SB still induced a G0/G1 arrest in these derivatives to an extent similar to that induced in cells that overexpressed p27 (Figure 5a) . In time course studies with four vector control cell lines we found the following pattern of response to treatment with SB. Initially the endogenous p21 and p27 proteins were upregulated and CDK2-associated kinase activity was suppressed, which may explain the arrest of the treated cells in G0/G1. After 24 h the level of p21 dropped sharply and the level of p27 declined slightly. CDK2-associated kinase activity then increased and IAP activity was induced ( Figure 6 ). The above described ®ndings are incorporated into a hypothetical model of SB-induced HT29 differentiation, shown in Figure 7 . The dierences in kinetics of p21 and p27 expression suggest dierent roles of these two CKIs in SB-induced dierentiation of the HT29 cells. Thus, p21 may be involved in the early stage of dierentiation whereas p27 may play a positive role in both the early and the late stage (i.e. preparation for versus maintenance) of the process of dierentiation. Since induction of IAP and maximum activation of CDK2-associated kinase occurred at about the same time (48 h), this kinase may play an important role in the late stage of dierentiation, even though by then the cells have withdrawn from the cell cycle. According to our model, the induction by SB of p21 and p27, and perhaps other proteins causes the cells to arrest in G0/G1 and prepares them for differentiation. Thereafter, the level of p21 drops, CDK2-associated kinase increases and this allows the cells to then undergo full dierentiation (Figure 7) . The increase in CDK2 kinase activity at 48 and 72 h in the SB treated cells may be due to decreases in p21 and p27 (Figure 6 ), as well as an increase in cyclins A and E at these time points (data not shown). The stable overexpression of ectopic p21 may disrupt this temporal pattern, since in the p21 overexpressor cell lines the levels of p21 remained relatively high at 48 h and the increase in CDK2-associated kinase activity was also suppressed at this time point (Figure 6b ). In the p27 overexpressor B12 derivative CDK2 kinase increased and IAP was markedly induced at 48 h. These results are consistent with the above model. However in these cells the peak for the increase in p27 and the increase in IAP expression occurred earlier than in the control cells (i. e. at 6 versus 24 h, and at 24 rather than 48 h, respectively) (Figures 6a and 5b) , while the increase in the CDK2 kinase activity did not shift to an earlier time point. Apparently, in the p27 overexpressor cells an increase in CDK2 kinase may not be essential for the onset of dierentiation. Thus, it appears that increased expression of p27 can enhance dierentiation by a mechanism independent of CDK2 kinase activity. A previous study also showed that the G1 arrest induced by SB in the HT29 cells is associated with induction of p21 (Siavoshian et al., 1997) . In the present study we emphasize the potential importance of the decline in the level of p21 in the latter part of the dierentiation process. During the preparation of this paper Cunto et al. (1998) provided evidence that during the course of dierentiation of keratinocytes there is also an early increase and then a later decrease in the expression of p21, and that a sustained increase in p21 inhibits keratinocyte dierentiation (Cunto et al., 1998) . Our ®ndings with p21 in dierentiating HT29 cells are consistent with their ®ndings. It is of interest that although overexpression of p21 inhibited SB induced dierentiation, these cells, like the p27 overexpressors, underwent a marked G0/G1 arrest in response to SB (Figure 5a ). These results suggest that an arrest in G0/ G1 is not, in itself, sucient to induce optimal dierentiation of the HT29 cells. Cunto et al., (1998) also showed that overexpression of p21 inhibits dierentiation of keratinocytes, independent of cell cycle control.
In previous studies our laboratory obtained evidence for the existence of positive feedback loops between cyclin D1, or cyclin E and p27 that may play a homeostatic role in cell cycle control, especially in epithelial cells. Thus, we found that overexpression of cyclin D1 in esophageal carcinoma , mouse mammary HC11 cells and HCT116 colon carcinoma cells (unpublished studies) was associated with increased expression of the p27 protein. Conversely, derivatives of the SW480-E8 colon carcinoma cell line that expressed an antisense cyclin D1 cDNA displayed decreased levels of both cyclin D1 and p27 (Arber et al., 1996) . We also found that ectopic overexpression of cyclin E in the mouse mammary HC11 cell is associated with increased expression of p27 . These ®ndings are not restricted to cell lines since there is a signi®cant correlation between high expression of cyclin D1 and p27 in primary human cancers of the colon (Ciaparrone et al., 1998; Fredersdorf et al., 1997) , breast (Fredersdorf et al., 1997) and esophagus (Doki et al, personal communication) . In the present study we found that ectopic overexpression of p27 was associated with increased expression of cyclin D1 (Figure 2b ), suggesting the existence of a homeostatic feed back loop in the reverse direction. On the other hand, overexpression of p21 was not associated with an increase in cyclin D1. This dierence in the ability to induce an increase in the level of the cyclin D1 protein might also play a role in the dierent phenotypic eects produced by overexpression of p27 and p21, with respect to growth and dierentiation. Further studies are also in progress to examine the levels of the overexpressed p27 and p21 proteins in various cyclin/CDK complexes before and after treatment of HT29 cells with SB in an attempt to explain these dierences.
As mentioned in the Introduction, recent studies indicate that decreased expression of p27 in several types of human cancer is associated with a poor prognosis, although there was no correlation between the level of p27 protein and various proliferation markers in these carcinomas. Conversely, high p27 expression is associated with low grade (well and moderately dierentiated) of carcinomas (Fredersdorf et al., 1997; Catzavelos et al., 1997; Ciaparrone et al., 1998; Singh et al., 1998) , suggesting that p27 may play a role in the dierentiation of carcinoma cells. The present in vitro studies are consistent with these in vivo results since we found that increased expression of p27 in HT29 colon carcinoma cells only partially inhibited growth but markedly enhanced SB induced differentiation. Therefore, the present studies suggest that the poor prognosis associated with tumors with a low level of p27 may, in part be because these tumors escape the enhancing eects of this protein on cell dierentiation. It is of interest that SB is present in the lumen of the colon as a result of bacterial fermentation of dietary ®ber, at a concentration similar to that used in this study (Cummings, 1981; Boa et al., 1992; Hague et al., 1993) . Therefore, in vitro studies on the eects of SB on colon cancer cells may be relevant to the in vivo situation. During the course of these studies we found that derivatives of HT29 cells that initially expressed high levels of p27 progressively lost this high expression with serial passage, and this loss was associated with a loss of the initial increased sensitivity to induction of dierentiation. By contrast the p21 overexpressors were relatively stable even after several passages (data not shown). Therefore, high levels of p27 appear to confer a greater selective disadvantage to these cells. These ®ndings are consistent with recent studies using an adenoviral gene transfer system in which overexpression of p27 was more eective than overexpression of p21 in inducing cell death in various cell types Craig et al., 1997) . Taken together, these ®ndings suggest that p27 gene therapy, or the use of speci®c drugs that increase the expression of endogenous p27, might be useful in the therapy of human colon cancer, and possibly other types of cancer. The fact that there already exists several agents that can increase the expression of p27, including cAMP (Kato et al., 1994) , rapamycin (Nourse et al., 1994) , interferon g (Harvat et al., 1997) and interferon b (Kuniyasu et al., 1997) , suggests that this approach may be clinically feasible.
Materials and methods

Cell culture
The HT29 human colon carcinoma cell line was obtained from the American Type Culture Collection and grown in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), plus 50 units/ml penicillin and 50 mg/ml streptomycin, in an incubator with 5% CO 2 at 378C.
Plasmid construction and transfection procedure
The human p27
Kip1 cDNA (length 1.5 Kb) was obtained from J Massague (Polyak et al., 1994a) and subcloned into the EcoRI site of the pcDNA3 vector (Invitrogen, Carlsbad, CA, USA) in the sense orientation. HT29 cells were seeded at a density of 1610 5 per well in 6 cm-dishes and 24 h later transfected with 2 mg of either the p27 construct or only the vector, using the lipofectin reagent (Life Technologies, Inc. Gaithersburg, MD, USA), as recommended by the supplier. Forty-eight hours after transfection the cells were trypsinized and subplated into 10 cm dishes. Cells were selected in the presence of 0.9 mg/ ml of G418 (Life Technologies) in complete medium, for 2 ± 3 weeks. Individual drug resistant clones were randomly isolated, both from the cultures transfected with the p27 construct and the cultures transfected with control vector. Vector control plates containing hundreds of resistant clones were trypsinized and the cells were pooled to yield the vector control pool. In addition, several single clones of vector control cells were also picked. The individual cultures were then expanded and frozen as seed stocks. Resistant clones were maintained in complete DMEM medium containing 0.5 mg/ml G418. After 2 ± 3 weeks in continuous culture, each clone was replaced from frozen seed stocks, since after several passages the overexpressor derivatives tended to lose high expression of p27. The human p21
Cip1/Waf1 cDNA (length 2.3 Kb) was provided by T Hunter (Salk Institute, San Diego, CA, USA) and digested at the NotI site, and subcloned into the pMT vector (Zhou et al., 1995) in the sense orientation. The generation of p21 derivatives was carried out, as described for the p27 derivatives.
Protein extraction and Western blot analysis
Cells were washed twice with ice-cold PBS and collected with a rubber policeman. After centrifugation the cell pellets were resuspended in lysis buer (50 mM HEPES, 150 mM NaCl, 2.5 mM EGTA, 1.0 mM EDTA, 1.0 mM DTT, 0.1% Tween 20, 10% Glycerol, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 1.0 mM PMSF, pH 7.5). After soni®cation with a Soni®er Cell Disruptor (Ultrasonics Inc. Plainview, NY, USA), twice for 15 s, the extracts were clari®ed at 15 000 g for 5 min at 48C and the supernatant fraction was collected. Total cellular protein was determined with the Bradford protein assay (Bio-Rad, Hercules, CA, USA). The protein samples (50 mg) were subjected to SDS ± PAGE as described previously . To detect speci®c proteins, the following antibodies were used at the concentrations recommended by the manufacturers: a mouse anti-cyclin E monoclonal antibody (PharMingen, San Diego, CA, USA); and rabbit polyclonal antibodies to: cyclin A, cyclin D1, CDK2, CDK4 and cyclin E (Upstate Biotechnology Inc. Lake Placid, NY, USA), Actin (Sigma, St Louis, MO, USA), p27
Cip1/Waf1 (C-19), CDK6 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and human alkaline phosphatase (DAKO, Carpinteria, CA, USA). Equal loading of the protein samples was con®rmed either by Coomassie blue staining or by parallel Western blots for actin. The intensities of the protein bands were quantitated by image scanning (Molecular Dynamics, Sunnyvale, CA, USA).
RNA extraction and Northern blot analysis
Cells from subcon¯uent cultures were washed once with cold sterile PBS and collected with a rubber policeman. Total RNA was prepared by lysis in guanidinium thiocyanate and centrifugation through cesium chloride and Northern blotting was then performed, as described previously (Jiang et al., 1992) . The RNA samples (20 mg) were electrophorased in 1% agar-6% formaldehyde gels and blotted onto Hybond-N membranes (Amersham, Arlington, Heights, IL, USA). The blotted membranes were preincubated in Church buer at 658C and then hybridized with a-32 P-CTP-labeled probes to human p27 Kip1 , p21 Cip1/Waf1 , or cyclin D1 for 16 h. The membranes were washed with 16SSC (150 mM sodium chloride, 15 mM sodium citrate, pH 7.0) containing 0.2% SDS, for 20 min at room temperature, followed by 20 min at 658C. After the ®nal wash with 16SSC at 658C, the membranes were exposed to Kodak XAR-5 ®lm with intensifying screens at 7708C.
Immunoprecipitation of cyclin E complexes
Two hundred and ®fty mg of the cell protein extracts were precleared with 50% protein A sepharose beads (Sigma) and then incubated with 2 mg of the anti-cyclin E polyclonal antibody (UBI), for 2 h at 48C. Immunocomplexes were precipitated with 20 ml of 50% protein A sepharose beads for 2 h at 48C, washed four times with lysis buer and once with distilled water. The beads were then suspended in sample buer (®nal concentration; 50 mM Tris, pH 6.8, 2% SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.2 mg/ml bromophenol blue) and boiled for 5 min. The supernatant fraction was subjected to PAGE and Western blotting with the appropriate antibodies.
In vitro assay for cyclin E, CDK2-associated kinase activity
In vitro cyclin E and CDK2-associated kinase assays were performed as previously described , with minor modi®cations. Exponentially growing cells were collected and soni®cated in kinase buer (lysis buer plus 10 mM b-glycerophosphate, 1 mM NaF and 0.1 mM sodium orthovanadate). After centrifugation, the supernatant fraction was collected. Immunoprecipitation with 2 mg of the cyclin E polyclonal antibody or 1 mg of the CDK2 polyclonal antibody was carried out as described above and the beads were washed four times with kinase buer, twice with reaction buer (50 mM HEPES, pH 7.5, 10 mM MgCl 2 , 1 mM DTT, 2.5 mM EGTA, 10 mM b-glycerophosphate, 1 mM NaF and 0.1 mM sodium orthovanadate). The ®nal pellets were resuspended in 45 ml of reaction buer containing 2 mg of Histone H1 (Sigma) and 5 mCi of [g-32 P]ATP, and incubated for 30 min at 308C. The reaction mixture was then subjected to SDS±PAGE, and the intensity of phosphorylation of the Histone H1 substrate was determined by autoradiography. Negative control studies indicated that when we used non-immune rabbit serum for the immunoprecipitation we observed negligible activities in the cyclin E-and CDK2-kinase assays.
Growth curves and plating eciency
Cells were plated in triplicate at a density of 2610 4 per 35 mm well with 3 ml of DMEM medium plus 10% FBS or 1% FBS. Cells were refed with fresh medium every 2 days. The number of cells per well was counted using a Coulter counter . The doubling times were calculated from the exponential growth and saturation densities were determined from the plateau of the growth curve, as described previously . To determine plating eciency, the cells were seeded in triplicate, with 1000 cells per 10 cm dish, in complete medium containing 10% FBS, and refed with fresh medium every 2 days. After 14 days, the colonies were stained with 5% Giemsa solution (Sigma) and the number of colonies whose diameter was larger than 1 mm was counted.
Assays for induction of alkaline phosphatase activity
Cells were seeded in duplicate at a density of 5610 4 per well in 24-well plates (15 mm diameter) in complete medium containing 10% FBS. Two days later, the cells were refed with 1 ml of fresh medium containing sodium butyrate (Sigma) at a concentration of 0, 2, or 5 mM and the cells were grown for an additional 3 days. The extent of dierentiation was then determined with a histochemical assay for intestinal alkaline phosphatase (IAP) (Sigma Diagnostics, Sigma, USA), as described previously (Goldberg et al., 1996) . Brie¯y, the cells were washed twice with PBS, ®xed with citrate buered acetone for 30 s and then incubated with an alkaline dye mixture (fast violet B salt capsule, 2 ml of naphthol AS-MX phosphatase alkaline solution and 48 ml of distilled water) for 30 min, in the dark at room temperature. After washing with water, the cells were overlayed with PBS and observed by microscopy. For quantitation of the IAP positive cells, 10 ®elds were ramdomly chosen at high power magni®cation of the microscope. The number of cells that stained pink or red (positive) and the number of non-stained cells (negative) were counted for a total of more than 1000 cells for each sample, and the percent of IAP positive cells was then calculated. To determine the absolute levels of the IAP protein, Western blot analyses were performed with a rabbit polyclonal antibody that recognizes human placental and intestinal alkaline phosphatase (Dako), (Goldberg et al., 1996) . In the serum-starved and refed condition, a colorimetric assay was used for alkaline phosphatase activity (Sigma), as previously described (Choi et al., 1990) . Brie¯y the cells were washed twice with PBS, scraped from the plate and homogenized in 1 ml of 10 mM Tris buer (pH 7.5). This homogenate (0.5 ml) was used to assay IAP activity, according to the manufacturer, and the relative IAP activity was normalized to the amount of protein in the homogenate.
Flow cytometric analysis
The cells were trypsinized, collected and washed twice with PBS. Flow cytometric analysis was performed, as described previously (Han et al., 1995) . Brie¯y, after ®xation in 70% cold ethanol, cell pellets were resuspended in 400 ml of 0.2 mg/ml propidium iodide containing 0.6% NP-40 plus the same volume of 1 mg/ml RNAse (Sigma) and then incubated in the dark at room temperature for 30 min. The cell suspension was then ®ltered through a 60 mm Spectra mesh ®lter and analysed with a¯ow cytometer. The percentage of cells in dierent phases of the cell cycle was determined with a ModFit 5.2 computer program.
Statistical analysis
Statistical analyses were performed using the In Stat version 2.01 program. Correlations between two parameters were also performed by linear regression and considered as statistically signi®cant when the coecient of determination (r 2 value) was greater than 0.696 (Zhar, 1974) .
Abbreviations
The abbreviations used are: p21, p21 Cip1/Waf1 ; p27, p27 Kip1 ; CDK, cyclin-dependent kinase; CKI, cyclin-dependent kinase inhibitor; CAK, cyclin-dependent kinase-activating kinase; PAGE, polyacrylamide gel electrophoresis; IAP, intestinal alkaline phosphatase; FBS, fetal bovine serum; SB, sodium butyrate.
